Human epithelial, endothelial and PMA-differentiated THP-1 cell lines were used as model systems to study the transcriptional regulation of the human FCGRT gene encoding the alpha chain of hFcRn. The data obtained from site-directed mutagenesis in transient transfection experiments indicate that the Sp1 sites at positions -641, -635, and -313, CF1/YY1 elements at positions -586 and -357, and the AP-1 motif at -276 within the-660/-233 fragment of the human FCGRT promoter (hFCGRT) participate in the regulation of human FCGRT in all selected cell lines. However, their individual contribution to promoter activity is not equivalent. The Sp1 binding site at -313 and the AP-1 site at -276 are critical for the activity of the hFCGRT promoter in epithelial and endothelial cells. Moreover, the CF1/YY1 site at -586 in differentiated THP-1 cells, plays an essential role in the transcriptional activity of the promoter. In addition, the C/EBPbeta binding site at -497 of the hFCGRT promoter in epithelial and endothelial cells, and the C/EBPbeta motif located at -497 and -233 within the hFCGRT promoter in differentiated THP-1 cells may function as positive regulatory sequences in response to LPS or PMA stimulation. EMSA and supershift analyses showed that the functionally identified binding motifs in the hFCGRT promoter were able to specifically interact with their corresponding (Sp1, Sp2, Sp3, c-Fos, c-Jun, YY1, and C/EBPbeta or C/EBPdelta) transcription factors (TFs), suggesting their possible involvement in the regulation of the human FCGRT gene expression.
Introduction
The neonatal Fc receptor, FcRn, was originally identified as a receptor responsible for the IgG binding to the intestinal epithelium and fetal yolk sack of neonatal rats and mice [1] [2] [3] . The human homologue of the rodent FcRn (hFcRn) was first cloned from a human placental cDNA library [4] . Subsequently, hFcRn was identified in many fetal and adult human tissues of all ages [4] [5] [6] [7] [8] [9] and various cell types, including epithelial cells [10, 11] , endothelial cells [12, 13] , macrophages, dendritic cells [14] and neutrophils [15] . The hFcRn receptor is structurally related to the MHC class I proteins and consists of transmembrane α-chain (45 kDa) in noncovalent association with β2-microglobulin (light chain, 12 kDa) [16] . This receptor binds the Fc domain of IgG at pH 6.0-6.5, but at pH 7.0-7.4 it shows low or no affinity [12] . This pH-dependent hFcRn-Fc(IgG) interaction is responsible for transcytotic and protective functions of hFcRn. The human neonatal Fc receptor is a key protein involved in the transport of maternal IgG to the fetus, providing protective immunity to the newborn [17] . The second important role of hFcRn is the protection of IgG from catabolism and the maintenance of IgG and albumin homeostasis [18] [19] [20] . This Fc receptor can also extent the life span of autoimmune IgG [21] . Recent studies have also shown that hFcRn may play an important role in mucosal immunity [22, 23] and can modulate antigen presentation by dendritic cells [24, 25] . On account of the vital roles of the hFcRn receptor in the protection and transportation of IgG under normal and inflammatory situations, there is a great need to elucidate the mechanism that controls the expression of the human FCGRT gene. A more complete understanding of this gene regulation will provide a possibility to modulate the biological functions of hFcRn, with potential future applications, for example in the therapy of IgG-mediated autoimmune diseases. Knowledge of the exon/intron organization and sequence of the gene encoding human FcRn α chain (FCGRT) [26] , as well as the promoter activity of the 5 0 -flanking sequence of human FCGRT [27] provided a starting point for investigating the regulation of expression of this gene at the transcriptional level. Previous analysis of the promoter region of the human FCGRT gene suggested the involvement of Sp1 and AP-1 elements in the control of promoter activity; however, a detailed analysis of these sites in terms of controlling the expression of this gene has not been performed [27] . This study applied electrophoretic mobility shift assay, antibody supershift analysis, and sitedirected mutagenesis in transient transfection experiments to examine whether the potential regulatory elements within a fragment (-660/-233) of the hFCGRT promoter are involved in the transcriptional regulation of the human FCGRT gene in human epithelial and endothelial cells and differentiated THP-1 cells. The data revealed that the Sp1, AP-1, CF1/YY1 cis elements in the -660 to -233 sequence participate in the transcriptional regulation of human FCGRT in epithelial, endothelial and PMA-differentiated THP-1 cell lines. Furthermore, the C/EBPβ binding site at -497 within the hFCGRT promoter in Caco-2, Lu 106 and HSkMEC cells, and the C/EBPβ motif located at -497 and -233 in the hFCGRT promoter in THP-1 cells, may function as positive regulators of this gene transcription under stimulated conditions.
Materials and Methods

Materials
Dulbecco's modified Eagle's medium, RPMI 1640 medium, Minimum Essential Medium alpha (MEM-α) were obtained from the Laboratory of Biopreparations of the Institute of Immunology and Experimental Therapy (Wroclaw, Poland). Tissue culture plates were purchased from Costar (USA). Bacterial LPS from E. coli (serotype 055:B5 and serotype 0127:B8), L-glutamine, antibiotics (penicillin/streptomycin mixture), non-essential amino acids, phorbol 12-myristate 13 acetate, F-12 Ham medium, heparin, normal human serum, oligo(dT) 23 primers, poly(dIdc)poly(dI-dc), protease inhibitor cocktail, and phosphatase inhibitor cocktail were obtained from Sigma-Aldrich (USA). Fetal bovine serum (FBS) and Opti-MEM I reduced serum medium were purchased from Gibco BRL (UK). RNaseOUT recombinant ribonuclease inhibitor and Superscript III Reverse Transcriptase were purchased from Invitrogen (USA). HyClone fetal bovine serum was acquired from Thermo Scientific, Inc. QIAquick Gel Extraction Kit and QIAquick Nucleotide Removal Kit were obtained from Qiagen GmbH (Germany). TransIT-2020 transfection reagent was purchased from Mirus Bio (USA). Restriction enzymes were obtained from New England BioLabs (USA) 19) , and C/EBPδ (M 17) were obtained from Santa Cruz Biotechnology (USA). Plasmid Midi AX Kit and Plasmid Mini Kit for DNA plasmid purification and Gel-Out DNA fragment purification kit were purchased from A&A Biotechnology (Poland). Dual-luciferase reporter assay system reagents were acquired from Promega GmbH (Germany). DreamTaq DNA polymerase, dNTP mix, T4 polynucleotide kinase, T4 DNA ligase, GeneRuler 1kb DNA Ladder, and GeneRuler 100 bp DNA Ladder Plus were obtained from MBI Fermentas (Lithuania). FCGS was purchased from BD Biosciences. Biocoat Collagen I Cellware plates and flask were purchased from Becton Dickinson (UK). QuickChange Lightning Site-Directed Mutagenesis Kit was obtained from Stratagene (USA). Labeled [gamma 32 P]ATP was obtained from Hartmann Analytic GmbH (Germany). NucleoSpin RNA II kit was acquired from Macherey-Nagel GmbH (Germany).
Cell culture
The human colon epithelial cell line Caco-2, human monocyte cell line THP-1, and human promyelocytic leukemia cell line HL-60 were obtained from the American Type Culture Collection (ATCC). The Caco-2 cells were grown in Dulbecco's modified Eagle's medium supplemented with 12% fetal bovine serum (FBS), 0.03% L-glutamine, 100 units/ml penicillin, 100 g/ml streptomycin, and 1% non-essential amino acids. THP-1 cells were cultured in RPMI 1640 medium supplemented with 10% FBS, 0.03% L-glutamine, 25 mM HEPES, 1 mM sodium pyruvate, 100 units/ml penicillin, and 100 g/ml streptomycin. To induce monocytes to macrophage differentiation, THP-1 cells were grown in the presence of 10 ng/ml PMA for 3 days. The Lu 106 epithelium-like cell line, human umbilical vein endothelial cell line (HUVEC), and human skin microvascular endothelial cell line (HSkMEC) [28] were purchased from the Cell Lines Collection at the Institute of Immunology and Experimental Therapy (Wroclaw, Poland). The human cell lines Lu 106 and HL-60 were propagated in Minimum Essential Medium (MEM-α) supplemented with 10% FBS, 0.03% L-glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin. HUVEC were cultured in medium F12 supplemented with 10% HyClone FBS, 100 units/ml penicillin, 100 g/ml streptomycin, 0.03% L-glutamine, 0.1 mg/ml heparin, and 0.03 mg/ml FCGS. HSkMEC cells were grown in Opti-MEM I Reduced Serum Medium supplemented with 5% HyClone FBS, 100 units/ml penicillin, and 100 g/ml streptomycin. All cells were maintained at 37°C and 5% CO 2 in a humidified incubator. In the PMA stimulation experiments, HSkMEC, Lu 106 and Caco-2 cells were cultured in growth medium with 5% FBS in the presence of 100 ng/ml PMA for 6 hours. For the LPS treatment, these cells were incubated in medium supplemented with 5% normal human serum containing 5 g/ml LPS (Escherichia coli 055:B5) for 1 or 6 hours.
Reverse transcription (RT)-PCR
Total RNA was isolated from cells (2 x 10 6 ) using the NucleoSpin RNA II kit according to the manufacturer's recommendations. First-strand cDNA was synthesized from total RNA using SuperScript III Reverse Transcriptase and an oligo(dT) 23 primer as recommended by the manufacturer. PCR was performed using the following mixture: 25 u/ml Taq DNA polymerase (DreamTaq) in the buffer provided, 1.5 mM MgCl 2 , 0.2 mM dNTP mix, 0.2 μM concentrations of each primer and 2 μl cDNA in a 20 μl final volume. PCR was initiated with a denaturing step at 94°C for 3 min followed by 35 amplification cycles (25 for GAPDH) consisting of a denaturing step at 94°C for 1 min (30 s for GAPDH), annealing at 58°C for 1 min (55°C, 30 s for GAPDH), and extension at 72°C for 1 min. At the end of the 35 cycles (25 for GAPDH), reaction was run for an additional 10 min at 72°C and then maintained at 4°C until analyzed by 1.5% agarose gel electrophoresis. to monitor the quality of the RNA purification and cDNA synthesis. The PCR products for human FCGRT were extracted from the gel and purified using the QIAquick Gel Extraction Kit and then sequenced by GENOMED S.A. (Warsaw, Poland).
Preparation of nuclear extracts
Nuclear extracts were prepared from: PMA-differentiated THP-1 cells, differentiated THP-1 after stimulation with LPS, Lu 106, Caco-2 and endothelial cell lines (untreated and treated either with PMA or LPS), according to the method of Schreiber et al. [29] with minor modifications. Briefly, the collected cells were washed twice with cold PBS, and then suspended in ice-cold lysis buffer A (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.25% Nonidet P-40, 10 μl/ml protease inhibitor cocktail, 10 μl/ml phosphatase inhibitor cocktail 2), and placed on ice for 15 min. After centrifugation at 14,000 rpm for 5 min at 4°C, supernatants were removed and the nuclear pellets were washed once with ice-cold buffer A and then resuspended in three volumes of ice-cold buffer B (20 mM HEPES pH 7.9, 10 mM KCl, 420 mM NaCl, 0.1 mM EDTA,0.1 mM EGTA, 1 mM DTT, 20% glycerol, 10 μl/ml protease inhibitor cocktail), and gently vortexed in a cold room for 30 min. Cell debris was removed by centrifugation at 14,000 rpm for 20 min at 4°C and the supernatants (nuclear extracts) were collected and stored at -80°C in small aliquots until used in electrophoretic mobility shift assays. Protein concentration in nuclear extracts was determined by the Bradford protein assay [30] .
Electrophoretic mobility shift assay (EMSA)
To prepare the double-stranded DNA oligonucleotides (wild-type and its mutated version) for EMSA, single-stranded forward and reverse oligonucleotides were annealed by heating to 95°C and cooling slowly to room temperature in annealing buffer (10 mM Tris-HCl, pH 7.5, 1 mM MgCl 2 , 50 mM NaCl). Wild-type ds-oligonucleotides (double-stranded oligonucleotides) were employed either as probes following the 5 0 -end labeling using [γ-32 P]ATP and T4 polynucleotide kinase, or as unlabeled competitors. The mutated ds-oligonucleotides were only used as competitors. Single-stranded oligonucleotides (wild type and mutated) were synthesized and purified on HPLC by GENOMED S.A. (Warsaw, Poland). They represented the sequences of the hFCGRT promoter encompassing the putative transcription factor binding motifs. The sense sequences of the oligonucleotides used in EMSA are shown in Table 1 . DNA binding reactions were performed by preincubating the nuclear extract (10-15 μg of protein) with 2 μg of poly(dI-dC)Ápoly(dI-dC) in binding buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM MgCl 2, 0.5 mM EDTA, 0.5 mM DTT, 4% glycerol) for 15 min on ice followed by the addition of approximately 70 fmol of 32 P-labeled probe and an additional 30 min incubation at room temperature. In competition experiments, a 100-fold molar excess of unlabeled competitor (wild type or mutant ds-oligonucleotide) was preincubated with the extract before the addition of the labeled probe. For supershift assays, nuclear extract in binding buffer (without DTT) was preincubated with a rabbit polyclonal antibody against the transcription factor or non-immune rabbit IgG for 60 min on ice, and then with poly(dI-dC)Ápoly(dI-dC) for 15 min prior to incubation with the radiolabeled probe. Two microgram of antibody was used in each supershift assay. Subsequently, the samples were resolved on 5% polyacrylamide gels in 0.5 x TBE buffer (45 mM Tris-borate, 1 mM EDTA, pH 8.3). Electrophoresis was performed at 180 V for 2 h at room temperature. After electrophoresis, the gels were autoradiographed by exposure to storage phosphor screens for 24-72 h at -20°C, and the DNA-protein complexes were analyzed using a phosphor imager (Typhoon 8600) equipped with ImageQuant software (Molecular Dynamics).
Construction of promoter-luciferase plasmids
The DNA fragment (bases -660 to +52) of the hFCGRT promoter was released from the pGEM-2400 plasmid (containing the 5 0 -flanking region of the human FCGRT gene) with KpnI and AvrII. Then this fragment was subcloned into the KpnI/NheI sites of the promoterless firefly luciferase reporter vector, pGL3-basic, to obtain the wild type hFCGRT promoter reporter construct, designated as pGL3-711(WT). The orientation and nucleotide sequence of the DNA fragment (-660/+52) inserted into the pGL3-basic luciferase vector was verified by sequencing (GENOMED S.A., Warsaw, Poland). Mutant promoter constructs were generated from the pGL3-711(WT) plasmid using the QuickChange Lightning Site-directed Mutagenesis Kit, according to the manufacturer's recommendations. Primer sets used to create the desired mutations in the transcription factor binding sites within the fragment (-660/+52) of the hFCGRT promoter are listed in Table 2 . The reaction mixture was composed of 5 μl of 10 x reaction buffer, 50 ng of DNA template, 125 ng of primers, 1 μl of dNTP mix, 1.5 μl of QuickSolution reagent, and 1 μl of QuickChange Lightning enzyme in a final volume of 50 μl. The reaction was initiated with a denaturing step at 95°C for 2 min, followed by PCR amplification with denaturation at 95°C for 20 s, annealing at 60°C for 10 s, extension at 68°C for 2 min and 36 s for a total of 18 cycles, and final extension at 68°C for 5 min. Subsequently, the reaction mixture was cooled on ice and 1 μl of DpnI was added to digest the original DNA template for 5 min at 37°C. The PCR products were then transformed into XL-10-Gold ultracompetent cells. The resulting promoter-luciferase plasmids were designated as follows: pGL3-711(mSp1-1), pGL3-711(mSp1-2), pGL3-711(mSp1-3), pGL3-711(mSp1-1+2), pGL3-711(mAP1), pGL3-711(mCF1-1), pGL3-711(mCF1-2), pGL3-711(mC/EBPβ-1) and pGL3-711(mC/EBPβ-2). Each individual mutant promoter construct carried a mutation in a single consensus binding site. Three binding motifs for Sp family transcription factors, two for CF1/YY1 family nuclear proteins, and two for the C/EBP family were identified within the -660/-233 fragment of the hFCGRT promoter. Therefore, mutant promoter constructs were also generated, carrying mutations in all binding sites specific for a given transcription factor. The pGL3-711(mSp1-1 +2) mutant construct served as a template to obtain the pGL3-711(mSp1-1+2+3) mutant construct containing the mutated Sp1 binding sites at positions -641, -635 and -313. The pGL3-711(mC/EBPβ-1) construct, carrying a mutation in the C/EBPβ site at position -497 was used to generate the pGL3-711(mC/EBPβ-1+2) reporter construct containing mutations in both C/EBPβ motifs (at -497 and -233). The pGl3-711(mCF1-1) construct with a mutation of the CF1/YY1 site at position -586 served as a template to create the pGL3-711(mCF1-1+2) construct carrying mutations in CF1/YY1 binding sites located at positions -586 and -357. The promoter reporter constructs were purified using Plasmid Midi AX Kit and all mutations were confirmed by DNA sequencing.
Transient transfections and luciferase assays
Transient transfections of all cell types were carried out in 12-well tissue culture plates using TransIT-2020 reagent as described by the manufacturer. Briefly, the day before transfection, Caco-2, Lu106 and HSkMEC cells were seeded at a density of 1.9-2.3 x 10 5 cells/well, and THP-1 at 1 x 10 6 cells/well, in 1 ml of complete growth medium. Directly before transfection, the cells were washed twice with PBS and once with the complete growth medium without antibiotics and incubated in 1 ml of the same medium for 1-2 h. DNA complexes with TransIT-2020 reagent were prepared as follows: 0.9-1.8 μg/well of promoter luciferase construct, or the promoterless luciferase pGL3-basic plasmid (negative control), plus 0.1-0.2 μg/well of Renilla luciferase vector (phRG-B) in 100 μl of Opti-MEM I reduced serum medium were gently mixed with TransIT-2020 reagent. The ratio of TransIT-2020 reagent to DNA was optimized for each cell type. After incubation of the mixtures at room temperature for 20 min, generated complexes were added to the wells with cells (100 μl of each complex into one well) and incubated at 37°C in 5% CO 2 . Twenty-four hours after transfection, the cells were washed twice with PBS and lysed in 250 μl/well of 1x passive lysis buffer. The lysates were centrifuged at 3000 g for 5 min at room temperature to remove cell debris and then the supernatants were assayed for luciferase activity. The transfected THP-1 cells were exposed to PMA (100 ng/ml) for 4 hours prior to lysis. Firefly and Renilla luciferase activities in 20 μl of cell lysate was measured according to the Dual Luciferase Reporter Assay System protocol using a Glomax 20/20 luminometer. In each experiment, the firefly luciferase activity from various promoter luciferase constructs and pGL3-basic plasmid was normalized to the Renilla luciferase activity driven by the cotransfected phRG-B vector. The normalized transcriptional activity of the mutant constructs and pGl3-basic plasmid was presented as a percentage of the normalized activity of the wild-type pGL3-711(WT) construct, which was defined as 100%.
Statistical analysis
Data from transient transfection assays are presented as means ± SD of three to six independent experiments performed in duplicate for each construct. Statistical analysis of the results was carried out using two-way analysis of variance (ANOVA) as well as Student's t test.
Results
Expression of human FCGRT mRNA in human cell lines
For studies on the regulation of transcription of human FCGRT, human epithelial and endothelial cell lines and PMA-differentiated THP-1 cells were used. These cell lines were chosen, because they represent cell types that have been found to express hFcRn in vivo. Although hFcRn was previously reported to be expressed in THP-1 cells [14] and the human intestinal Caco-2 cell line [31] , the presence of the human FCGRT mRNA was verified in the selected Caco-2, Lu 106, HUVEC, HSkMEC, and THP-1 cell lines by RT-PCR to make sure that these cells are a suitable model systems for studying transcriptional regulation of human FCGRT.
The results of RT-PCR screening are shown in Fig 1, where the PCR product of the expected size of 457 bp is clearly visible. Sequencing of this PCR product demonstrated 100% identity with the previously reported sequence of the human FCGRT gene [26] . EMSA and antibody supershift analysis of the putative transcription factor binding sites in the hFCGRT promoter
Two types of computer programs (MatInspector and Transfac) were used to identify putative binding motifs for transcription factors within the hFCGRT promoter, and sites selected to the study on the transcriptional regulation of the human FCGRT gene are shown in Table 3 . The potential transcription factor binding elements listed in Table 3 are located in the -660/-233 region of the promoter, which is essential for its activity [27] , most of the selected elements was also found in the 5 0 -flanking region of the mouse Fcgrt gene [32] .
To test whether the potential regulatory elements interact with nuclear extracts (from the selected cell lines), and to identify the transcription factors specifically binding to these regulatory motifs, EMSA and antibody supershift assays were performed. Double-stranded oligonucleotides for these experiments were prepared by annealing the complementary singlestranded oligonucleotides representing sequences of the hFCGRT promoter encompassing the putative transcription factor binding motif. Wild-type ds-oligonucleotides used as probes in EMSA and supershift assays were 5 0 -end labeled using [γ 32 P]ATP and T4 polynucleotide kinase.
Representative results from EMSA and supershift tests of the hFCGRT promoter are presented in Figs 2-5, Figs 6A and 7. They were obtained using the nuclear extract from PMA-differentiated THP-1 cells. A similar or identical banding pattern was observed with nuclear extracts from epithelial and endothelial cells (Fig 6B-6D , S1-S4 Figs). Incubation of nuclear extracts with radiolabeled ds-oligonucleotide Sp1-1+2, containing putative partly overlapping Sp1 binding motifs located at -641 and -635, produced two DNAprotein complexes (Fig 2A, lane 2) . A single band was revealed in reaction with ds-oligonucleotide Sp1-3 containing a putative binding site at position -313 ( Fig 2B, lane 2) . These complexes were abolished when nuclear extracts were preincubated with a 100-fold molar excess of unlabeled wild-type oligonucleotides (Fig 2A and 2B, lanes 3 ), but not the mutant oligonucleotides (Fig 2A, lanes 4,5 and 2B, lane 4) . The competition results indicated that nuclear proteins present in the selected cell lines interacted specifically with GC box at position -641, -635 and -313. To determine the nature of the transcription factor interacting with the identified regulatory Sp1 elements within the hFCGRT promoter, supershift assays were performed with antibodies against the Sp family transcription factors. The upper complex 1 supershifted with antibodies specific for Sp1 (Fig 3A, lane 4) and Sp2 (Fig 3A, lane 5) . Antibody against Sp3 caused a loss of the faster migrating complex 2 ( Fig 3A, lane 6) . Both Sp1 and Sp2 specific antibodies reduced the complex formation with the Sp1-3 probe (Fig 3B, lanes 4 and 5) , but a small amount of supershifted complex was also observed. In contrast, the control normal rabbit IgG (Fig 3A  and 3B, lanes 3 ) had no effect. Taken together, supershift experiments showed that members of the Sp transcription factor family (Sp1, Sp2, Sp3) are involved in specific interactions with Sp1 binding sites at positions -641 and -635 within the hFCGRT promoter in the selected cell lines, whereas the Sp1 and Sp2 nuclear proteins specifically bind to the Sp1 sequence located at -313 in the hFCGRT promoter.
For the Ap1 site, one robust DNA-protein complex was identified in EMSAs using 32 Plabeled probe AP1 corresponding to the hFCGRT promoter sequence between nucleotides -284 and -254 containing the putative AP-1 binding site at position -276 ( Fig 4A, lane 2) . The Response Elements in the Regulation of Human FCGRT specificity of the band complex was demonstrated in a competition assay with the unlabeled wild-type AP1 oligonucleotide (Fig 4A, lane 3 ), but not with its mutated version, in which the putative AP-1 binding site located at -276 was mutagenized (Fig 4A, lane 4) . This complex was recognized by anti-c-Fos (Fig 4B, lane 3) and anti-c-Jun (Fig 4B, lane 4) antibodies, indicating that c-Jun and c-Fos proteins form heterodimers to bind the AP-1 site located at position -276 in the hFCGRT promoter.
The (CF1-1) oligonucleotide, corresponding to the hFCGRT sequence between nucleotides -593 and -565, was used to examine the binding of nuclear proteins to the CF1/YY1 motif located at -586 in the hFCGRT promoter. In the presence of the 32 P-labeled CF1-1 probe, a slow migrating complex was observed (Fig 5A, lane 2) , which was partially competed by a 100-fold molar excess of unlabeled CF1-1 oligonucelotide (Fig 5A, lane 3) . Partial competition of the complex formed with the CF1-1 probe might be due to the sequence present in this probe, which could interact nonspecifically with nuclear extract. A competitive effect was not observed when the unlabeled mCF1-1 oligonucleotide, containing a mutation in the CF1/YY1 motif was used (Fig 5A, lane 4) . Complex formation was reduced by the polyclonal YY1 rabbit antibody (Fig 5A1, lane 3) , but not by the normal rabbit IgG (Fig 5A1, lane 4) or the polyclonal rabbit anti-Sp1 antibody (Fig 5A1, lane 5) . As shown in Fig 5B, the interaction of the 32 Plabeled CF1-2 oligonucleotide probe (containing the potential CF1/YY1 transcription regulatory motif at position -357) with nuclear extracts resulted in two specific protein-DNA complexes ( Fig 5B, lane 2) . The specificity of binding was demonstrated by a competition assay. Both complexes were effectively competed by an excess of the unlabeled CF1-2 oligonucleotide (Fig 5B, lane 3) , but not by the mutant CF1-2 oligonucleotide (Fig 5B, lane 4) . These specific complexes were supershifted by polyclonal rabbit antibody to YY1 (Fig 5B1, lane 3) . In contrast, the normal rabbit IgG had no effect (Fig 5B, lane 4) . Thus, the weak second complex that formed with the CF1-2 probe might represent more phosphorylated or glycosylated form of the YY1 protein than the first complex. The results indicate that the YY1 family of transcription factors is involved in the specific interaction with the CF1/YY1 transcriptional regulatory motif located at -586 and -357 within the hFCGRT promoter. The lower mobility of the DNAprotein complex formed with the CF1-1 oligonucleotide (Fig 5A, lane 2) , compared with migration in polyacrylamide gel electrophoresis of a complex formed with the CF1-2 probe (Fig 5B, lane 2) , suggests that different isoforms of YY1 can bind to these CF1/YY1 elements. It is known that there are eight different protein isoforms of human YY1 encoded by eight different transcripts generated by alternative splicing [33] . However, it cannot be excluded that YY1 forms a heterodimer with a transcription factor from different family and this heterodimeric complex binds to the CF1/YY1 motif at -586. There is evidence that YY1can associate with the Sp1 transcription factor [34, 35] . However, in this study, anti-Sp1 antibody did not recognize the Sp1 factor in the DNA-protein complex formed with a probe containing the CF1/ YY1 binding site at -586 (Fig 5A1, lane 5) .
Two consensus C/EBPβ binding sequences for the transcription factor C/EBPβ were identified at positions -497 and -233 within the-660/-233 fragment of the hFCGRT promoter. The C/ EBPβ transcription factor is expressed at a low level in normal cells, but can be drastically and rapidly induced in many cells by cytokines and mitogens such as LPS or PMA, indicating that C/EBPβ may be involved in the transcriptional regulation of genes in inflammatory situations. Expression of C/EBPβ was shown to be increased during monocyte differentiation [36, 37] . The binding activity of these potential C/EBPβ sites in nuclear extracts from differentiated THP-1 cells as well as from stimulated epithelial and endothelial cells was examined by electrophoretic mobility shift assay.
Incubation of nuclear extracts from the PMA-differentiated THP-1 cells with the radiolabeled C/EBPβ-1 probe corresponding to the hFCGRT promoter sequence -499/-474, which contains the putative C/EBPβ binding site located at -497, generated a single DNA-protein complex (Fig 6A, lane 2) . This complex was specific, because a 100-fold molar excess of the unlabeled wild-type C/EBPβ-1 oligonucleotide eliminated the complex formation (Fig 6A, lane  3) , but not the mutant mC/EBPβ-1 oligonucleotide with mutation in the C/EBPβ motif at -497 (Fig 6A, lane 4) . Supershift experiments showed that the specific DNA-protein complex was reduced and supershifted by the anti-C/EBPβ antibody (Fig 6A, lane 6) and antibody against C/EBPδ (Fig 6A, lane 5) . In contrast, the control normal rabbit IgG (Fig 6A, lane 7 ) exerted no effect. These results indicate that the heterodimeric transcription factors C/EBPβ and C/EBPδ of the C/EBP family participate in specific interactions with the C/EBPβ binding site at position -497 within the hFCGRT promoter Specific complexes were also formed between the C/EBPβ-1 oligonucleotide probe and the nuclear extracts isolated from epithelial (Fig 6B and 6C ) and endothelial cells (Fig 6D) after 2-6 h LPS or PMA treatment. However, in epithelial cells, C/EBPβ homodimers, and in part C/ EBPδ dimers, interacted with the C/EBPβ site at -497 in the hFCGRT promoter, since the DNA-protein complexes formed were reduced predominantly by the anti-C/EBPβ antibody (Fig 6B and 6C, lanes 6 ) and partially by anti-C/EBPδ (Fig 6B and 6C, lanes 5) . In contrast, antibodies against C/EBPβ or C/EBPδ had no effect on the specific complexes formed between the C/EBPβ-1 oligonucleotide and nuclear extracts from LPS-or PMA-stimulated endothelial cells (Fig 6D, lanes 5 and 6) . The inability of anti-C/EBPβ or anti-C/EBPδ antibody to supershift these complexes or abrogate their formation may be explained by recognition incompetence due to the phosphorylation state of C/EBPβ or C/EBPδ or conformational changes in their structure as a result of association with other nuclear proteins. The binding of nuclear proteins to the putative C/EBPβ binding site located at -233 in the hFCGRT promoter was observed only with the nuclear extract from THP-1 cells after treatment with PMA and LPS. A single DNA-protein band was revealed when the double-stranded C/EBPβ-2 oligonucleotide, representing the hFCGRT promoter sequence -240/-211, containing the C/EBPβ motif at -233, was used as a probe (Fig 7A, lane 2) . This complex was abrogated when competition assay was carried out using the wild-type unlabeled C/EBPβ-2 oligonucleotide (Fig 7A, lane 3) . Formation of this complex was not affected when the mC/EBPβ-2 oligonucleotide, which contains point mutations in the C/EBPβ binding site (Fig 7A, lane 4) was used as a competitor. These results suggested that the binding of nuclear proteins to the -240/-211 sequence of the hFCGRT promoter occurred specifically at the C/EBPβ site. Supershift analysis using antibodies against C/EBPδ (Fig 7B, lane 3) and C/EBPβ (Fig 7 B, lane 4) indicated that this DNA-protein complex was formed by the interaction of the C/EBPβ site at -233 bp in the hFCGRT promoter with C/ EBPβ and C/EBPδ transcription factors.
Effect of specific mutations in the hFCGRT promoter on its activity
To examine whether the identified binding sites for transcription factors Sp1/Sp2/Sp3, CF1/ YY1, AP1 (c-Fos/c-Jun) and C/EBPβ/CEBPδ function as regulators of the hFCGRT promoter activity, several mutant reporter constructs were generated, as described in Materials and Methods, and analyzed in transient transfection experiments in Caco-2, Lu 106, HSkMEC, and PMA-differentiated THP-1 cell lines. HUVEC cells were also initially used for transfection experiments, but their transfection efficiency was found to be very low, which caused transient transfection tests difficult to interpret for any of the reporter plasmids studied. Therefore, the HSkMEC endothelial cell line, which showed a significantly higher transfection efficiency, was used in transient transfection experiments. Table 2 presents the oligonucleotides used for sitedirected mutagenesis. These mutations were identical to the mutations tested in the EMSA assays, and, as judged by competition experiments, they did not block the formation of DNAprotein complexes (Figs 2-7 and S1-S4 Figs)
To investigate the function of individual Sp1 sites, each Sp1 site alone or in several combinations was mutated in the pGl3-711(WT) promoter construct. The activities of mutant promoters were compared to that of the wild-type promoter construct. As shown in Fig 8B, Mutant promoter constructs were generated from the wild-type pGL3-711(WT) subjected to site-directed mutagenesis by the QuikChange Lightning Site-directed Mutagenesis Kit, as described in Materials and Methods. Mutant promoter constructs pGL3-711(mSp1-1), pGL3-711(mSp1-2), pGL3-711(mSp1-1+2), pGL3-711(mSp1-3) and pGL3-711(mSp1-1 +2+3) contain mutations in the Sp1sequence at positions -641, -635, -641 plus -635, -313, -641 plus -635 plus -313, respectively. Using TransIT-2020 transfection reagent, pGL3-basic vector, wild-type pGL3-711 (WT) construct and site-directed mutant constructs were transiently cotransfected with the phRG-B plasmid (internal control) into THP-1, Lu 106, Caco-2, and HSkMEC cell lines. Twenty-four hours after transfection, the cells were harvested and luciferase activity was measured. The transfected THP-1 cells were exposed to PMA (100 ng/ml) for 4 hours prior to harvesting. Transfection efficiency was normalized to the Renilla luciferase activity derived from the phRG-B plasmid and expressed as relative luciferase activity. The data shown are means ± SD of three to six independent experiments performed in duplicate for each construct. The transcriptional activity of the mutant constructs and pGL3-basic is plotted as a percentage of the normalized activity of the wild-type pGL3-711(WT) construct, which is defined as 100%. The differences The pGL3-711(mAP1) construct carrying mutation in the AP-1 motif demonstrated drastic reduction in the ability to drive the reporter activity (Fig 9B) , suggesting that the AP-1 site plays an essential role in the activation of the hFCGRT promoter in Caco-2, Lu 106, HSkMEC and THP-1 cells. Mutation of the AP-1 binding site at position -276 caused a decrease in the activity of the hFCGRT promoter in Caco-2 and HSkMEC cells to a level that was not significantly different from that of the promoterless luciferase plasmid pGL3-basic, while in Lu106 and THP-1 cells the activity of the promoter was decreased to 23% and 29%, respectively, compared to the wild-type promoter activity.
Functional analysis of the CF1/YY1 binding sites within the hFCGRT promoter is presented in Fig 10. Mutation of the CF1/YY1 binding site at position -586 [pGL3-711(mCF1-1) construct] reduced the promoter activity by about 60% in Caco-2 and Lu 106 cells, and by 47% in HSkMEC cells. Mutation of the CF1/YY1 motif at position -357 [pGL3-711(mCF1-2 construct] reduced the initial hFCGRT promoter activity to about half in these cell lines. The CF1 double mutant [pGL3-711(mCF1-1+2) construct] did not cause a more drastic reduction in the promoter activity, suggesting the presence of a potential interaction between nuclear factors that bind to these cis elements. In contrast, mutation of the CF1/YY1 site at -586 resulted in a significant decrease in reporter activity in the THP-1 cell line, comparable to the activity of pGL3-basic, indicating that this CF1/YY1 site functions as a critical positive regulatory element of the hFCGRT promoter in THP-1 cells. On the other hand, mutation of the CF1/YY1 site at -357 and the CF1double mutant caused a very slight decrease of the promoter activity in this cell line, suggesting that the strong activation of the hFCGRT promoter in THP1 cells by the CF1 site at -586 is neutralized by the repressive effect of the CF1/YY1 motif at position -357.
between the wild-type construct and mutant constructs were statistically significant; *P < 0.01 vs. pGL3-711 (WT) construct; **P < 0.01 compared with pGL3-711(mSp1-1), pGL3-711(mSp1-2), pGL3-711(mSp1-1+2) and pGL3-711(mSp1-1+2+3).
doi:10.1371/journal.pone.0135141.g008
The activity of the hFCGRT promoter was increased 2-fold in Caco-2, Lu 106 and HSkMEC cell lines stimulated by PMA (Fig 11B) and LPS (Fig 11C) in comparison with unstimulated cells. When the C/EBPβ site at -497 was mutated [pGL3-711(mC/EBPβ-1) construct], promoter activity was reduced by almost 50%, reaching a level comparable to that driven by the wild-type pGL3-711(WT) construct in untreated cells.
As shown in Fig 12, treatment of THP-1 cells with PMA alone or PMA + LPS had a similar effect on the human FCGRT gene transcription. The activity of the hFCGRT promoter was was only slightly reduced by the mutation in the C/EBPβ site at -497 [pGL3-711(mC/EBPβ-1) construct], with the C/EBPβ site at -233 left intact, or in the opposite situation when the mutation was introduced in the C/EBPβ site at -233 [pGL3-711(mC/EBPβ-2) construct] and the C/EBPβ site at -497 was left unchanged. Mutations in both C/EBPβ motifs [pGL3-711(mC/EBPβ-1+2) construct] resulted in a decreased activity of the hFCGRT promoter by almost 50% in THP-1 treated with PMA+LPS (Fig 12C) , and 40% in cells treated with PMA (Fig 12B) compared to the activity of the wild-type promoter. 
Discussion
A substantial body of research exists on the structure, function and physiological significance of the hFcRn receptor. However, the mechanism by which the expression of the human FCGRT gene (encoding human FcRn α chain) is regulated remains unknown. Previous publications presenting the exon-intron structure and sequence of the human FCGRT gene [26] , as well as partial characterization of the promoter region of this gene [27] , served as a basis for studying the regulation of the human FCGRT expression at the level of transcription. Deletion of the 434 bp segment of the hFCGRT promoter revealed that the sequence from nt -660 to -233 is essential for the basal promoter function [27] . Removal of this part of the hFCGRT promoter abolished almost all of the promoter activity. The potential binding sites for the Sp family as well as YY1, AP-1, and C/EBPβ factors were predicted within this region based on computer analysis. The aim of this study was to examine whether these potential regulatory elements are involved in hFCGRT promoter activation in human epithelial, endothelial, and differentiated THP-1 cell lines, and to identify transcription factors that specifically bind to these motifs.
The results obtained from site-directed mutagenesis in transient transfection experiments (Figs 8-10 ) and two-way ANOVA analysis of these data indicated that the Sp1 sites at positions -641, -635, and -313, the CF1/YY1 elements at positions -586 and -357, and the AP-1 motif at -276 within the -660/-233 fragment of the hFCGRT promoter, act interdependently and functionally cooperate in the regulation of constitutive transcription of the human FCGRT gene in epithelial, endothelial, and differentiated THP-1 cells. However, their individual contribution to the promoter activity is not equivalent. The Sp1-binding site at -313 and the AP-1 site at -276 are critical for the activity of the hFCGRT promoter in epithelial and endothelial cells. Moreover, the CF1/YY1 site at -586 in differentiated THP-1 cells plays an essential role in transcriptional activity of the hFCGRT. Mutation of the Sp1 site at -313, the AP-1 motif at -276 or the CF1/YY1 site at -586 (in differentiated THP-1 cells) results in a dramatic loss of promoter activity, strongly suggesting cooperative interactions between nuclear factors that bind to these cis-elements, so that the disruption of binding of any factor leads to a strong destabilization of the transcriptional machinery. It seems likely that this is an important step required to initiate the transcription machinery. These interactions may be necessary to open the nucleosomal structure facilitating transcription. It is possible that they play a role in the recruitment of transcription initiation complex onto the core promoter. This possibility cannot be excluded, considering the fact that the hFCGRT promoter does not contain a typical TATA sequence and Inr element. Reports concerning interactions between Sp1 and TBP or TAF 110 [38] , the ability of harvesting (control). The promoter activity of the mutant constructs and pGL3-basic plasmid is represented as a percentage of the normalized activity of the wild-type promoter construct in the presence of PMA (pGL3-711(WT)PMA construct) or LPS (pGL3-711(WT)LPS construct), which is defined as 100%. Data shown are means ± SD of three to six independent experiments performed in duplicate. Significant reduction in the promoter activity of the mutant construct compared to wild-type construct, *P < 0.01 vs. pGL3-711(WT)PMA and pGL3-711(WT)LPS. **-denotes a significant difference (**P < 0.01) between the promoter activity of the wild-type construct in stimulated (PMA or LPS) and unstimulated cells. , and pGL3-711(mC/EBPβ-1+2) contain a mutation in the C/EBPβ site at positions -497, -233, -497 plus -233, respectively. These mutant constructs were prepared as described in Materials YY1 to directly recruit TFIIB and Pol II, as well as the ability of Sp1 and YY1 factors to induce DNA bending [39] also support this hypothesis. The other Sp1 and CF1 sites in the hFCGRT promoter, mutation in which caused only a modest decrease in the promoter activity, are also likely to be operative in the regulation of the human FCGRT gene. These sites may have an effect on the function of the key transcriptional activators via recruitment of the transcriptional coactivators or/and by a competive mechanism. As it is shown in Fig 8B, mutation of the Sp1 motif at -313 reduced promoter activity by~90%. When all the Sp1 sites (at positions -641, -635, and -313) were mutated [pGl3-711(mSp1-1+2+3) construct], luciferase expression driven by this triple mutant was higher than by the construct carrying the Sp1 mutation at -313. In the THP-1 cell line, luciferase activity of the pGL3-711(mCF1-1) construct, containing a mutation in the CF1/YY1 site at -586, was not significantly different from that of the promoterless luciferase plasmid, while the double mutant [pGL3-711(mCF1-1+2) construct] demonstrated similar activity to the wild type (Fig 10B) . These results suggest that it is possible that the Sp1 site at -641 and -635 competes with the Sp1 site at -313 for the Sp1 factor, while in differentiated THP-1 cells, the CF1/YY1 site at -357 competes with the CF1/YY1 site at -586 for the YY1 factor, and thus, the increased activation induced by the Sp1 element at -313 or CF1 motif at -586 can be balanced. Recently, it was shown that TNF-α and IL-1 β up-regulated the transcription of the human FCGRT gene in THP-1 and Caco-2 cell lines through binding NF-κB transcription factors to NF-κB specific binding sites located in introns 2 and 4 [40] . However, INF-γ down-regulated the expression of this gene via JAK-STAT signaling [41] . It was also demonstrated that the NF-κB transcription factor was involved in the regulation of bovine FCGRT expression under stimulated conditions [42] . An interesting observation in this study was that the C/EBPβ binding site at -497 in the hFCGRT promoter in epithelial and endothelial cells (Fig 11B and 11C) , and the C/EBPβ motif located at -497 and -233 within the hFCGRT promoter in differentiated THP-1 cells (Fig 12B and 12C) , could function as positive regulatory sequences in response to LPS or PMA stimulation. Each of the C/EBPβ sites in the hFCGRT promoter in THP-1 cells could function independently, because mutation of either of them did not interfere with a function of the other. In addition, C/EBPβ and C/EBPδ transcription factors were identified in the DNA-protein complexes formed between the C/EBPβ sites at -497 and -233 and nuclear extracts from differentiated THP-1 cells (Fig 6A and Fig 7) . These nuclear proteins also interacted specifically with the C/EBPβ motif at -497 within the hFCGRT promoter in the stimulated epithelial cell lines (Fig 6B and 6C) .
The Sp family transcription factors are important components of the eukaryotic cellular transcriptional machinery [43] . Ijang et al. [44] identified specific elements in the rat Fcgrt promoter that interacted with the members of the Sp1 family (Sp1, Sp2, Sp3) and drove promoter activity in intestinal cell lines. The Sp1 motif in the mouse Fcgrt promoter is critical in regulating the basal promoter function [45] . In this report, EMSA and supershift analyses showed that the binding motifs, functionally identified in the hFCGRT promoter, were able to specifically interact with their corresponding TFs (Sp1, Sp2, Sp3, c-Fos, c-Jun and YY1) suggesting a possible involvement of these transcription factors in the regulation of the basal expression of the human FCGRT gene (Figs 2-5 and S1-S4 Figs) .
The results of the current study, concerning the contribution of response elements and transcription factors binding to these sequences in transcriptional regulation of the human FCGRT gene, were obtained from in vitro DNA binding experiments and promoter assays using mutant promoter luciferase constructs. Therefore, they may not accurately reflect the action in the endogenous promoter. Further studies on binding of transcription factors and their co-activators to the identified regulatory elements in the hFCGRT promoter in intact cells, as well as examining the interactions between these factors in the cellular environment and their involvement in the reorganization of chromatin structure should provide a foundation for understanding the mechanism of transcriptional regulation of the human FCGRT gene. The results presented in this work may serve as a basis for these studies.
Supporting Information S1 Fig. Electrophoretic mobility shift assays with: probe Sp1-1+2 (C-E); probe Sp1-3 (C1-E1). The nuclear extracts from Caco-2 (C and C1), Lu 106 (D and D1), HUVEC (E and E1) cells were incubated with labeled probes in the absence of competitor (C-E1, lanes 2) or in the presence of a 100-fold molar excess of competitor: Sp1-1+2 (WT)-unlabeled wild-type probe Sp1-1+2 (C-E, lanes 3); Sp1-3(WT)-unlabeled wild-type probe Sp1-3 (C1-E1, lanes 3); mSp1-1+2 -unlabeled probe Sp1-1+2 containing mutation in the Sp1 sequence at positions -641 and -635 (C-E, lanes 4); mSp1-2 -unlabeled probe Sp1-1+2 containing mutation in the Sp1 sequence at position -635, (C-E, lanes 5); mSp1-3 -unlabeled probe Sp1-3 containing mutation in the Sp1 sequence at position -313 (C1-E1, lanes 4). Labeled probe Sp1-1+2(WT) alone (C-E, lanes 1); labeled probe Sp1-3(WT) alone (C1-E1, lanes 1). DNA-protein complexes were resolved on 5% non-denaturing polyacrylamide gels and analyzed in a phosphor imager In EMSA, 32 P-labeled wild-type probes were incubated with nuclear extracts from Caco-2 (C and F, lanes 2), Lu 106 (D and G, lanes 2) and HUVEC cells (E and H, lanes 2) in the absence of competitor (C-H, lanes 2) or in the presence of a 100-fold molar excess of competitor: CF1-1 (WT)-unlabeled wild type probe CF1-1 (C-E, lanes 3); CF1-2 (WT)-unlabeled wild type probe CF1-2 (F-H, lanes 3); mCF1-1 -probe CF1-1 with mutation in the CF1 element at position -586 (C-E, lanes 4); mCF1-2 -probe CF1-2 containing mutation in the CF1 site at position -357 (F-H, lanes 4). Supershift experiments were performed by preincubating the nuclear extract with rabbit polyclonal anti-YY1 antibody (C1-H1, lanes 3), anti-Sp1 antibody (C1-E1, lanes 5), normal rabbit IgG (C1-H1, lanes 4), prior to the addition of 32 P-labeled wild-type probe: CF1-1(WT) (C1-E1); CF1-2(WT) (F1-H1). Labeled probes incubated with nuclear extract in the absence of antibodies (C1-H1, lanes 2). Labeled probe CF1-1(WT) alone (C-E1, lanes 1); labeled probe CF1-2(WT) alone (F-H1, lanes 1). Arrows indicate specific DNA-protein complexes and asterisk indicates the supershifted complex. Results were analyzed by a phosphor imager. (TIF)
